Oyster diseases caused by pathogenic vibrios pose a major challenge to the sustainability of oyster farming. In France, since 2012 a disease affecting specifically adult oysters has been associated with the presence of Vibrio aestuarianus. Here, by combining genome comparison, phylogenetic analyses and high-throughput infections of strains isolated before or during the recent outbreaks, we show that virulent strains cluster into two V. aestuarianus lineages independently of the sampling dates. The bacterial lethal dose was not different between strains isolated before or after 2012. Hence, the emergence of a new highly virulent clonal strain is unlikely. Each lineage comprises nearly identical strains, the majority of them being virulent, suggesting that within these phylogenetically coherent virulent lineages a few strains have lost their pathogenicity. Comparative genomics allowed the identification of a single frameshift in a non-virulent strain. This mutation affects the varS gene that codes for a signal transduction histidine-protein kinase. Genetic analyses confirmed that varS is necessary for infection of oysters and for a secreted metalloprotease expression. For the first time in a Vibrio species, we show here that VarS is a key factor of pathogenicity.
INTRODUCTION 51 52
The development of aquaculture has been the source of anthropogenic changes on a massive 53 scale, characterized by displacements of aquatic animals from their natural habitats, farming 54 under high stocking density and exposition to environmental stresses. At the same time, over-55 exploitation of some species and anthropogenic stress on aquatic ecosystems have placed 56 pressure on wild populations, providing opportunities for the emergence of an expanding 57 array of new diseases (Harvell et al., 1999) . This can be illustrated by the outbreaks of 58
Crassostrea gigas oyster's diseases over the past decade threatening the long-term survival of 59 commercial and natural stocks (Renault, 2011) . 60 61 A disease affecting oyster spat since 2008 has been linked to the presence of an oyster herpes 62 virus (OsHV-1 µvar) (Segarra et al., 2010) and to vibrio populations related to the Splendidus 63 clade (Lemire et al, in press ). In addition, over the last four years, the number of reported 64 cases of adult mortalities associated with the presence of Vibrio aestuarianus has increased 65 considerably (Garnier et al., 2007; Vezzulli et al., 2014) . Interestingly, during the 2008-2012 66 period, this bacterial species had been rarely isolated from moribund oysters, suggesting the 67 possible (re)-emergence of V. aestuarianus as an oyster pathogen. 68 69 Emergent infectious diseases can arise from genomic modifications of an infectious agent 70 (Keim and Wagner, 2009) . Such genomic alterations frequently result in the optimization of 71 virulence genes, the acquisition of resistance cassettes, changes in prevalence, and/or 72 adaptation to a new host. Thus, understanding an emerging disease requires investigating the 73 pathogen and its evolution at the gene and genome level. If the recent emergence of V.
General features of the V. aestuarianus genomes 126
The genome of strain 02_041 was assembled to near completion (8 contigs in total) and 127 manually annotated. It consists of two circular chromosomes of 2.98 (chromosome 1; 4 128 contigs) and 1.21 Mb (chromosome 2, 4 contigs) with an average GC content of 43.11 and 129 42.16% respectively (Table 1 ; Fig.S1 ). Chromosomes 1 and 2 contain 7 and 0 rRNA operons, 130 74 and 10 tRNA genes, respectively. However because the genome is not fully assembled, 131 some rRNA and tRNA genes may have been missed. 132
133
The genome sequences of the 13 other strains were partially assembled, with contig numbers 134 per strain ranging from 38 to 732 and approximate genome sizes ranging from 4.2 to 4.99 Mb 135 compared to 4.19 Mb for strain 02_041 (Table 1) . The difficulty to achieve a better genome 136 assembly may be attributed to i) a high number of transposition elements (184 transposase 137 genes in the strain 02_041); ii) the large size of the chromosomal integron (Mazel et al., 1998) 138 (94 cassettes in the chromosome 2 of strain 02_041) (Fig. S1) . 139 140
Genes differentiating V. aestuarianus from other Vibrionaceae 141
A phylogenetic analysis based on concatenated nucleic acid sequences derived from 50 shared 142 genes from 223 Vibrionaceae genome sequences including 14 V. aestuarianus strains and 143 using Shewanella baltica as an outgroup demonstrated the cohesive genotypic structure of V. 144 aestuarianus with relatively little diversity among genomes (Fig. S2) . The clade V. 145 aestuarianus is sister to a clade that contains two species previously associated with farmed 146 fish diseases, V. ordalii and V. anguillarum (Austin, 2011) . Our analyses confirmed that V. 147 aestuarianus, V. ordalii and V. anguillarum are grouped in the Anguillarum clade (Sawabe et 148 al., 2013) . 149 7 This article is protected by copyright. All rights reserved.
150
Intraspecific genomic comparisons identified 2866 genes that are shared by all sequenced V. 151 aestuarianus strains (Fig. S1 ) of which only 40 genes were found in ≤5 other Vibrionaceae 152 genomes (Table S1 ). Among these V. aestuarianus-specific genes, we identified a cluster of 153 genes homologous to the Toxin co-regulated (Tcp) pilus biosynthesis cluster encoded by a 154 pathogenicity island in V. cholerae that is necessary for intestine colonization (Davis and 155 Waldor, 2003) . However in the strain 02_041, the tcp gene cluster is interrupted by a 156 transposon, and genes encoding the accessory colonization factors (acf) are absent (Fig.S3 ) 157
suggesting that this tcp like cluster may play a distinct role, if any, in V. aestuarianus. 158
159
Within V. aestuarianus, two lineages A and B contain a majority of Vir+ strains 160
The phylogenetic relationships based on the core genome of the V. aestuarianus strains 161 included in this study were investigated (Fig.2) V. aestuarianus using a larger collection of strains (n=116) isolated from diseased animals 177 (Table S2 ). Phylogenetic analyses reveal that 87/116 (75%) and 29/116 (25%) of these strains 178 belong to clade A and B, respectively (Fig.3) . When injected intramuscularly to oysters at 10 2 179 CFU /animal, 81/87 (93%) and 23/29 (79%) strains from respectively clade A and B were 180 classified as Vir+ (Fig.3) . The remaining strains (indicated with an asterisk in Fig.3 recombination event leading to plasmid excision, 30% of the colonies carried the varS 250 deletion (strains 12_016a_ΔvarS). For two isolates selected randomly, this deletion did not 251 impair bacterial growth in culture media, but resulted in a dramatic decrease in mortality rates 252 induced after bacteria injection in oysters (Fig. 4B, lanes 3 and 4 compared to lane 1) . Upon 253 constitutive expression of varS in trans from a replicative plasmid, the virulence of the mutant 254 12_016a_ΔvarS was partially restored (Fig. 4B , lane 5 compared to 3) and this of the 255 intermediate strain 07_115 was increased (Fig. 4B , lane 6 compared to 2). These 256 complementation experiments confirmed that varS is necessary to 12_016a pathogenicity and 257 that the frameshift in varS is also involved in the 07_115 virulence attenuation. 258
259

The metalloprotease Vam production and/or secretion is regulated by VarS 260
The two-component regulatory system VarA/S has been involved in the regulation of the 261 secreted hemagglutinin/metalloprotease gene hapA in V. cholerae (Jang et al., 2010) . Here, 262 the protease activity measured in the extracellular products (ECPs) of the 12_016a_ΔvarS 263 mutants (Fig. 5B, lanes 2 and 3) was found to be 3 times lower than that of the wild type 264 virulent strain 12_016a (Fig. 5B, lane 1) and in the range of the intermediate wild-type strain 265 07_115 (Fig. 5B, lane 4) . The SDS-PAGE protein profiles of the ECPs prepared from 07_115 266 and two independent clones of 12_016a_ΔvarS were found to be very similar and 267 significantly different from this of 12_016a (Fig.5A) . A band (25-35 kDa) found more intense 268 in 12_016a (Fig.5A, lane 1) This suggests that the presence of this gene is essential in this strain in our culture conditions. 282
It is important to note that the lack of a second usable resistance marker prevented the 283 demonstration that a vam mutant could be constructed when the gene was provided in trans. There are only a few examples of toxins (such as diphtheria or tetanus), which act as single 294 determinants to produce disease. Microbial pathogenesis is often multifactorial, and 295 pathogens use several biochemical mechanisms operating in concert to produce infections and 296 diseases (Finlay and Falkow, 1997) . For instance, the HA/P metalloprotease from V. cholerae 297 was reported to activate proteolytically both the El Tor cytolysin/haemolysin (Nagamune et 298 al., 1996) and the cholera toxin CT, an ADP-ribosylating enterotoxin inducing a highly 299 This article is protected by copyright. All rights reserved. secretory diarrhea (Booth et al., 1984 
MATERIALS AND METHODS 310 311
Strains and culture conditions. The strains used for genomic analyses are described in Table  312 1. Other bacterial strains are described in Table S2 and S4. Vibrio isolates were grown in 313
Zobell or Zobell agar, Luria-Bertani (LB) or LB-agar (LBA) + NaCl 0.5M, at 20°C. 314
Escherichia coli strains were grown in LB or on LBA at 37°C. Chloramphenicol (5 to 315 25μg/ml), thymidine (0.3 mM) and diaminopimelate (0.3 mM) were added as supplements 316 when necessary. Induction of the P BAD promoter was achieved by the addition of 0.2% L-317 arabinose to the growth medium, and conversely, repression was obtained by the addition of 318 1% D-glucose. 319 320 Genome sequencing, assembly and annotation. The complete genome sequence of 02_041 321 strain was obtained using two sequencing technologies: 1) A Sanger library was constructed 322 after mechanical shearing of DNA and cloning of 10 kpb fragments into pCNS (pSU18 323 derived). Plasmids were purified and end-sequenced using a dye-terminator chemistry on 324 This article is protected by copyright. All rights reserved. (Table 1) . A dedicated precomputing repository (marshalling) was created to perform 345 comparative genomic and phylogenomic analyses. Orthologous proteins were defined as 346 reciprocal best hit proteins with 80% MaxLrap and a minimum of 30% and 60% identity 347 cutoff was used for intra-and inter-species analysis, respectively (Daubin et al., 2002) . The 348 nucleic acid sequences were aligned using Muscle (Edgar, 2004) and filtered by BMGE 349 This article is protected by copyright. All rights reserved. independent PCR amplifications of the regions (500 bp) encompassing the varS gene were 356 performed using two primer pairs (varS-1+2 and varS-3+4) (Table S4 ). An inside out PCR 357 was performed using pSW7848T suicide vector DNA (Val et al., 2012) and primer pair (pSW-358 F and pSW-R) (Table S4 ). For the cloning of varS gene under a P LAC promoter in a pMRB 359 plasmid, a replicative plasmid found to be stable in Vibrionaceae (Le Roux et al., 2011), two 360 independent PCR amplifications of the gene and plasmid were performed using the primers 361 varS-F+R and pMRB-F+R reciprocally. After purification and quantification, 100 ng of each 362 PCR product were mixed with the Gibson assembly Master Mix and incubated for 60 minutes 363 at 50°C. Samples were diluted at 1/3 before E. coli transformation by the reaction product. 364
Clones were controlled by digestion with restriction enzyme and sequencing using the primers 365 described in Table S4 . Strains Π3813 and β3914 were used as a plasmid host for cloning and 366 conjugation, respectively (Le Roux et al., 2007) . Plasmids and strains used and established in 367 the present study are presented in Table S4 . 368
369
Conjugation 370
Overnight cultures of donor and recipient were diluted at 1:100 in culture media without 371 antibiotic and grown at 30°C to an OD 600nm of 0.3. The different conjugation experiments 372 were done by a filter mating procedure described previously (Le Roux et al., 2007) with a 373 donor/recipient ratio of 1ml/10ml. Conjugations were performed overnight on filters 374 This article is protected by copyright. All rights reserved. 
